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a  b  s  t  r  a  c  t
The  Member  States  of  the  European  Union  have  committed  to the  maintenance  and  protection  of  forest
lands.  More  precisely,  the  Member  States  aim  to  ensure  the  sustainable  development  and  management
of  the EU’s  forests.  For  2013,  Eurostat’s  statistics  about  primary  and  secondary  wood  products  in the
European  forest  land  (65%  thereof  privately  owned)  estimate  a roundwood  production  of 435  million  m3
in  total.  Harmonised  information,  i.e.,  spatially  and  temporarily  differentiated,  on  forestry  and  wood
harvesting  activities  in  the  European  forests  are  missing  however.  This  lack  of information  impedes  the
scientiﬁc  assessment  of  the impacts  that forest  management  practices  have  on  the soil-related  forest
ecosystems  (e.g.,  accelerated  water  soil  erosion,  delivery  of  inert sediments  and  pollutants  within  the
drainage  network,  pauperization  of  aquatic  ecosystems).  It also prevents  national  and  European  institu-
tions  from  taking  measures  aimed  at an  effective  mitigation  of the  rapidly  advancing  land  degradation.
This  study  provides  a  ﬁrst  pan-European  analysis  that  delineates  the  spatial  patterns  of  forest  cover
changes  in  36  countries.  The  ﬁrst  dynamic  assessment  of the  soil  loss  potential  in  the  EU-28  forests  is
reported.  The  recently  published  High-resolution  Global  Forest  Cover  Loss  map  (2000–2012)  was  repro-
cessed  and  validated.  Results  show  that  the  map  is a powerful  tool  to spatiotemporally  indicate  the  forest
sectors that  are  exposed  to cover  change  risks. The  accuracy  assessment  performed  by using a  confusion
matrix  based  on  2300  reference  forest  disturbances  distributed  across  Europe  shows  values  of 55.1% (pro-
ducer accuracy)  for the  algorithm-derived  forest  cover  change  areas  with  a Kappa  Index  of Agreement
(KIA)  of 0.672.  New  insights  into  the  distribution  of the  forest  disturbance  in Europe  and  the  resulting
soil  loss  potential  were  obtained.  The  presented  maps  provide  spatially  explicit  indicators  to  assess  the
human-induced  impacts  of land  cover changes  and  soil losses  on  the  European  soil-related  forest  ecosys-
tems.  These  insights  are  relevant  (i)  to  support  policy  making  and  land  management  decisions  to ensure
a  sustainable  forest  management  strategy  and  (ii)  to provide  a  solid  basis  for further  spatiotemporal
investigations  of  the forestry  practices’  impacts  on  the  European  forest  ecosystems.
ublis©  2015  The  Authors.  P
. Introduction
The modern demographic growth and the socio-economic
xpansion come along with an increasing worldwide demand
or forest resources (Foley et al., 2005; Eggers et al., 2008). The
orld’s forestlands have been cleared, degraded and fragmented
y timber harvesting, human-made ﬁres and land-use conver-
ion (Hansen et al., 2013). It is estimated that about 13 million ha
∗ Corresponding author. Tel.: +39 0332 789072; fax: +39 0332 786394.
E-mail addresses: pasquale.borrelli@jrc.ec.europa.eu, lino.borrelli@yahoo.it
P. Borrelli).
ttp://dx.doi.org/10.1016/j.ecolind.2015.08.053
470-160X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article uhed  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
of forestlands are converted to other land-uses every year (FAO,
2010). The way of forest management practices have a high
impact on soil-related forest ecosystems (Lal, 1996) especially with
regard to its biodiversity (Torras and Saura, 2008), water quality
(Stott et al., 2001) and the related ecosystem services (Chazdon,
2008).
For the European Union, forests are an important ecosystem
in terms of recreation, biodiversity, timber and carbon storage
(Edwards et al., 2011; Martín-Martín et al., 2013; Hansen et al.,
2013). They cover about 177 million ha (42.3% of the total land area)
of the EU27 territory and provide living space for ca. 4 million peo-
ple (forestry and forest-based industries) (FOREST EUROPE UNECE
and FAO, 2011; Eurostat, 2011).
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The Member States of the European Union have committed to
he maintenance and protection of their forests (Forestry Strategy,
998; EU Forest Action Plan, 2006). Their aim is to develop and man-
ge their forestlands sustainably. The ﬁndings of the 5th Ministerial
onference on the Protection of Forests in Europe (MCPFE, 2007)
ttest a satisfactory condition and sustainable management to the
uropean forests in general with human-induced forest damages
eing less than 1% of the total forestland (MCPFE, 2007). Neverthe-
ess, the MCPFE (2007, 2011) report also indicates that harvesting
nd forest operation damages cause severe economic losses and
eteriorate the ecosystems’ health and vitality in speciﬁc areas
e.g., decrease in timber quality, rot, decay, destruction of natural
egeneration). The general view appears to be misleading.
Eurostat (2011) reports that wood is still the main source of
ncome for the European forest owners and that about 65% of the
orestlands in the EU are privately owned. The EU-28 is the second-
argest producer of industrial round timber after the United States
nd it produces approximately 80% of the world’s cork (Eurostat,
011). There has been a steady rise of roundwood production in
he European Union 27 between 1995 and 2007, both for conif-
rous (softwood) and non-coniferous (broadleaved or hardwood)
pecies (Eurostat, 2011). The recent ﬁnancial and economic crisis
ed to a decreasing level of roundwood production during 2008
nd 2009. Regaining strength in 2010, Europe’s roundwood pro-
uction returned to its pre-crisis growth trend with a 9.5% year on
ear growth rate and a total production of 420 million m3. In 2013
he roundwood production totalled 435 million m3 (3.5% growth
ate, Eurostat, 2014a,b). The Member States’ Land-Use, Land-Use
hange and Forestry activities (UNFCCC, 2014) project an increase
f harvest rates by around 30% by 2020 as compared to 2010.
The challenge for the immediate future is to assure that the
esources of the forests can be used for the humans’ demands
hile minimizing the damages caused by the forest operations.
uch ambitious undertaking, however, requires in-depth knowl-
dge about the status of the human interference on the European
orests. Despite the ongoing intensive exploitation of the European
orest resources and documented impacts on the European soils
nd related functions (Cerdà et al., 2010; Borrelli et al., 2013a),
oday researchers still lack a well-grounded knowledge about the
mpacts that the forest management activities have on the soil
unctions within European forests (e.g., accelerated water soil ero-
ion, delivery of inert sediments and pollutants within the drainage
etwork, reduction of the rivers’ retention capacity, pauperization
f aquatic ecosystems, increased withdrawal of nutrients). Among
thers, the primary limitation is the lack of freely accessible cartog-
aphy of the European forests that are object to wood supply. Not
nly does this conﬂict with the framework of the Forest Europe
bjectives (MCPFE, 2009) but it is also in strong contrast with
he European Commission’s thematic strategy of Soil Protection
European Commission, 2006) and the EU Water Framework Direc-
ive (European Commission, 2000). Hansen et al.’s (2013) recent
tudy is a ﬁrst step to ﬁll the gap of knowledge in order to com-
rehensively monitor and analyze soil erosion processes in the
uropean forests.
Building on their work, this study provides a pan-European anal-
sis (36 European counties) of forest cover change across both space
nd time (i.e., intended as decline of the wooded cover). It lays the
round for the ﬁrst dynamic assessment of the soil loss potential in
he EU-28 forests. Forest cover change (or forest loss) is deﬁned as
 stand-replacement disturbance or the complete removal of the
ree cover canopy at the Landsat pixel scale (Hansen et al., 2013).
he High-resolution Global Forest Cover Loss map  (2000–2012) of
ansen et al. (2013) was reprocessed and validated to assess the
orest cover change. The 1 arc-second per pixel data (approximately
0 m per pixel) within the three main forest units of the CORINE
and cover map  2006 were used. After correcting the forest ﬁretors 60 (2016) 1208–1220 1209
incidents (JRC European Fire Database – EFFIS, 2014; San-Miguel-
Ayanz et al., 2013), the remaining forest cover changes were
assumed to be primarily related to tree logging activities. This
assumption seems to be justiﬁed as the permanent land-use con-
version actions in European forestlands are at a rather low level
limited and other sources of forest cover change such as windthrow,
insect and pathogen outbreaks appear spatially considerably less
compared to logging (Eurostat, 2011).
2. Material and methods
2.1. Study area
The geographical extent of this study included the 28 Mem-
ber States of the European Union (EU-28), three European Union
candidate countries (i.e., Montenegro, Serbia, former Yugoslav
Republic of Macedonia), three potential European Union candi-
date countries (i.e., Albania, Bosnia and Herzegovina, Kosovo),
Norway and Switzerland (Fig. 1). The forestland sector under anal-
ysis consisted of the three main forest units of the CORINE land
cover 2006 (CORINE 2000 for Greece) with a total area of 150.2
million ha: (1) broad-leaved forests (50.7 million ha, 33.8%), (2)
coniferous forests (69 million ha, 45.9%) and (3) mixed forests (30.5
million ha, 20.3%).
2.2. Input data
To fully cover the study area, 24 individual 10 × 10 degree gran-
ules of the High-resolution Global Forest Change map  (Hansen et al.,
2013) were downloaded from the online database of the University
of Maryland (http://www.earthenginepartners.appspot.com).
The High-resolution Global Forest Change map  resulted from
a time series analysis of 654,178 Landsat images (period between
2000 and 2012). To cover the European region, Hansen et al. (2013)
employed a dataset of estimate 12,000–15,000 images. Trees were
deﬁned as all vegetation taller than 5 m in height. The annual forest
loss was  deﬁned as a stand-replacement disturbance or a change
from a forest to non-forest state. The images captured during the
growing season were preferred to the ones acquired during the
senescence or dormant seasonal periods. The Google Earth Engine’s
computing facility was used to perform the global Landsat analy-
sis. It is a cloud platform for earth observation data analysis that
combines a public data catalogue with a large-scale computa-
tional facility optimized for the parallel processing of geospatial
data (https://earthengine.google.org/#intro). As a ﬁnal outcome,
Hansen et al. (2013) provide global maps of forest cover change
in a 10 × 10 degree raster pixel (cell size ca. 30 m × 30 m).
2.3. Data processing
After the acquisition, the 24 raster of the High-resolution Global
Forest Cover Loss map  were processed using the ArcGIS 10.2 model
builder (i) to convert the data from a raster to a shapeﬁle for-
mat, (ii) select only the forest cover changes grouped as European
Land Cover classes 311, 312 and 313, (iii) reproject the European
forest cover change shapeﬁles into metric coordinates (ETRS89-
LAEA), (iv) subdivide the dataset into eleven annual shapeﬁles
(2002–2012) and (v) remove the major forest ﬁres reported in the
JRC European Fire Database (European Forest Fire Information Sys-
tem – EFFIS, 2014).
2.4. Forest change density mapA forest change density map  was  created as indicator to spa-
tially describe the forest cover change dynamics and highlight the
forest sectors that were primarily involved. The map  is based on the
Kernel Density algorithm (Silverman, 1986) included in the Spatial
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wig. 1. Study area. It includes the forestland of the 28 Member States of the European
osovo,  Montenegro, Norway, Serbia and Switzerland (background image: MODIS N
nalyst toolbox of ArcGIS 10.2 (ESRI, 2006). To enable this, the fea-
ure of the shapeﬁle was converted from polygon to point (creating
 centroid point each 30 m × 30 m of forest cover change).
After the data processing, the remaining forest cover changes
ere considered to be primarily related to the tree logging activ-
ties. Accordingly, the forest change density map  highlights the
orest sectors mostly involved in the wood supply.
.5. Accuracy assessment of forest change
The accuracy of the forest cover changes detected by Hansen
t al. (2013) rested on confusion matrix by a per-pixel analysis
Aronoff, 1982) (geometric accuracy) and a linear correlation anal-
sis manipulating the shapeﬁle in a GIS environment (thematic
ccuracy). A set of forest cover changes (clear-cut areas in both
oppices and high forests) were mapped via onscreen visual inter-
retation on Google Earth images. These changes were used as
reference data’ while the forest change data resulting from the
ansen et al. (2013) Landsat image classiﬁcation represented theclassiﬁed data’.
For the mapping of the ‘reference data’, the forest sectors rated
s high forest change according to the forest change density map
ere selected. Within a ﬁrst step, the forest change density map (EU-28), Albania, Bosnia and Herzegovina, Former Yugoslav Republic of Macedonia,
. The USLE model was  applied only for the EU-28.
was separated into four classes using the quartile classiﬁcation
method. The data of the highest quartile (75–100%) formed the
reference group. Afterwards, at least 50 random points were gen-
erated within the subset forest area and one or more clear-cut
areas were mapped (generally the nearest to the generated ran-
dom point) for each EU-28 Member States. Finally, 2300 clear-cut
areas were mapped and employed as ‘reference data’.
2.6. Soil erosion potential
Forest harvesting and ﬁres are often held responsible for the
very high levels of nonpoint source pollution (Stott et al., 2001;
Hood et al., 2002). This study used the universal soil loss equation
(USLE), as modiﬁed for forest land by Dissmeyer and Foster (1984),
to model the average soil erosion potential due to logging activities
(assuming all the forest cover changes described by Hansen et al.
(2013) as tree harvesting) and forest ﬁres (employing the JRC forest
ﬁre data) in the EU-28 the medium term (11-year). USLE uses a
number of factors to estimate soil loss:A = R · K · LS · C · P (1)
where, A = soil loss (Mg  ha−1 yr−1), R = rainfall and runoff
factor (MJ  mm h−1 ha−1 yr−1), K = soil erodibility factor
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Mg  h MJ−1 mm−1), LS = slope length and the slope steepness
actor (dimensionless), and CP = cover management practice factor
dimensionless).
The K- and R-factors were expressed spatially using the latest
aps created by the soil research team of the Joint Research Cen-
re of the European Commission (Panagos et al., 2014, 2015). The
riginally proposed topographic LS-factor scheme of Wischmeier
nd Smith (1978) was replaced by the one of Desmet and Govers
1996) in order to incorporate the impact of ﬂow convergence in the
stimation of the slope-length factor. In the original equation, the
over and management factor (C) was developed for agricultural
roplands. It has to be adjusted to the forestland characteristics
o be able to spatially differentiate the various forest cover species,
anopy cover densities and ﬂoor vegetations (Dissmeyer and Foster,
984). Considering the size of the study area, the C-factor to predict
he soil loss potential for the European forestlands was estimated
n a slightly simpliﬁed way. The inﬂuence of the vegetation density
as quantiﬁed by manipulating a biophysical parameter (FSoil) as
erived by Poilve, 2010. This enabled to estimate the fraction of
oil that is visible in the vertical which, in turn, allowed to assess
hether the vegetation corresponded to bare soil patches or holes
n developed canopies (gap fraction), sunlit or shaded from the
anopy (values ranging from 0 to 1). Thus, the cover and manage-
ent factor for the undisturbed forest (CUF) is calculated as:
UF = (MaxC − (MaxC − MinC )) · FSoil (2)
here the MinC and MaxC values were set according to Wischmeier
nd Smith (1978) as 0.0001 (100% canopy cover) and 0.009 (20%
anopy cover). With regard to the disturbed forests, several authors
tated that the restoration of the vegetation on bare ground
hich had been affected by harvest operations or ﬁres should be
xpressed as a time sequence (Borrelli and Schütt, 2014). Kitahara
t al. (2000) suggested that the C-factor should be expressed either
s a function of time or category for each year after the disturb-
nce. Hence, to adapt the C-factor to the characteristics of disturbed
eciduous coppice forests, a modiﬁed version of the C-factor that
eriﬁed through ﬁeld work activities in Italy was  used (Garfì et al.,
006; Borrelli et al., 2013a) (Table 1). This method takes the func-
ional efﬁciency of soil protection into account: Under normal
ircumstances, a harvested deciduous coppice forest regains the
unction of coverage of a moderately dense forest (i.e., a C of 0.009)
our years after the clear-cut. Ten years after the harvesting, the C-
actor returns to the mature forest value (i.e., C of 0.003). Thereafter,
t converges towards its pre-disturbance CUF value. Although conif-
rous forests may  experience slightly different growth dynamics,
imilar dynamics were assumed taking into account the canaliza-
ion dynamics of the ﬁeld-layer vegetation (Bergstedt and Milberg,
001). This assumption is in line with experimental measurements,
hich show that the soil loss in harvested coniferous forests dra-
atically decreases starting from the third year following the cut
Kitahara et al., 2000; Hood et al., 2002). Between the ﬁfth to the
enth year after the wood harvesting, the C-factor decreases from
.009 (corresponding to forest cover of ca. 20% or rangelands 60%
overed by grass; Wischmeier and Smith, 1978) to 0.003 (corre-
ponding to forest cover of ca. 40%, rangelands 95% covered by
rass; Wischmeier and Smith, 1978). With respect to forest ﬁres,
able 1
-factor assigned to the disturbed forest sectors.
Pre-disturbance Post-disturbance Recovery
Time (yr): 1 2 3 4 5–10
C-factor
Logging CUF 0.175 0.12 0.075 0.009 0.009–0.003
Fires CUF 0.2 0.13 0.054 0.009 0.009–0.003tors 60 (2016) 1208–1220 1211
the percentage of soil exposed to erosion and the vegetation recov-
ery after the ﬁre are closely related to the severity of the ﬁre
(Larsen and MacDonald, 2007). In literature, the post ﬁre forest
C-factors applied ranges from ca. 0.02 (low severity) to 0.3 (high
severity), with a mean value of about 0.2 (Murai, 1972 cited in
Kitahara et al., 2000; Wischmeier and Smith, 1978; Larsen and
MacDonald, 2007). While the Joint Research Center of the Euro-
pean Commission’s forest ﬁre data (EFFIS, 2014) do not provide
information about the severity of the burned area, literature based
on the employed remote sensing data (Moderate Resolution Imag-
ing Spectroradiometer – MODIS) suggests prevalent detection of
moderate to severe ﬁre incidents (Roy et al., 2006). Hence, for the
ﬁrst year after the ﬁre, a C value of 0.2 was  assumed (Table 1). For
the following years, the C-factor values decrease annually towards
a value of 0.009 in the fourth year after the event (Robichaud and
Brown, 1999; Larsen and MacDonald, 2007). From the ﬁfth year
onwards, the same dynamics described for the harvested forest
were assumed. The sub-factor P was  assumed to be constant (equal
to 1, i.e., absence of erosion conservation practices).
3. Results
3.1. Forest change dynamics
The total EU forest area subject to analysis is estimated to be
1652.2 million ha (150.2 million ha for 11 years between 2002 and
2012). Temperate broadleaf and mixed forests (WWF,  2014) have
the largest share of the biome. Sweden has the most extensive for-
est cover, followed by Spain, Finland, France and Germany. These
ﬁve countries account for more than half of the total forest cover
analyzed (Table 2). The Netherlands, Ireland and the United King-
dom show the lowest relative forest cover (10.8%, 11.5% and 11.9%,
respectively).
The forest cover change during the period from 2002 to 2012
is described spatially in Fig. 2a. During this period, the esti-
mated absolute area affected by forest cover change totalled
7,022,423.1 ha, which equals 4.7% of the Corine primary forest
area. The annual rate of forest cover changes ranged from 0.17%
(2003) to 0.63% (2010) (x¯ 0.52 ha;  1.67 ha). The greatest absolute
woodland changes occurred during 2010, involving a forest area of
953,541 ha (Table 3). The Scandinavian countries show the largest
absolute change of forestlands: With 1.82 million ha (Sweden) and
1.4 million ha (Finland), these countries account for 45.9% of the
total forest cover change mapped by Hansen et al. (2013). For
France, Poland and Germany the mapping indicated 0.52, 0.50 and
0.3 million ha of forest change, respectively. The highest relative
forest cover changes were observed in Latvia (8.2%), Estonia (6.7%),
Lithuania (6.2%), Finland (6%) and Sweden (5.8%), while the lowest
rates occurred in Cyprus and the region of former Yugoslavia.
Regarding the type of forest (Corine classiﬁcation), conifer-
ous forests were the predominantly affected forest type (4.7
million ha; 67.6%), followed by mixed forests (1.3 million ha;
18.9%) and broad-leaved forests (0.9 million ha; 13.5%). Consider-
ing the bio-geographical regions, the results reveal that the Boreal
Bio-geographical region showed the highest forest cover change
(Table 4) with a cover change rate of 3.8% of the total biome area
(absolute estimated forest cover change of 3.4 million ha).
Fig. 2b shows the area involved in ﬁres during the period from
2002 to 2012. Accordingly, there are ﬁve countries that have pre-
dominately been affected by forest ﬁres (Portugal, Spain, Albania,
Italy, Bosnia-Herzegovina) (Table 2). In about one decade, ﬁre inci-
dents in these ﬁve countries burned a total area of 0.5 million ha.
This equals 80.6% of the total detected forest ﬁres in the study
area. On average, the area annually burned is equal to 52,319.7 ha.
The greatest ﬁres in the European woodland occurred during 2012,
affecting a forest area of 143,803.4 ha.
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Table 2
Indicators of the forest disturbances for European countries. Forest and other wooded land were obtained by Eurostat (2011).
Country Forest and other wooded land Forested land Forest change Forest ﬁres
(1000  ha) (%) (ha) (ha)
Albania* 2880 26.4 15,048 62,858
Austria 4006 48.6 166,855 0
Belgium 706 23.3 40,269 185
Bosnia and Herzegovina* 5103 44.2 8477 27,096
Bulgaria 3927 35.4 47,558 13,747
Cyprus 387 41.8 584 1681
Croatia 2474 43.7 21,599 13,420
Czech Republic 2657 34.4 141,289 0
Denmark 591 13.7 31,333 0
Estonia 2350 54.1 156,586 0
Finland 23,269 76.6 1,397,155 0
FYR  of Macedonia 1141 45.8 17,342 20,159
France 17,572 27.8 521,168 15,752
Germany 11,076 31 386,373 0
Greece 6539 50 34,915 73
Hungary 2029 21.8 72,706 1030
Ireland 789 11.5 26,271 257
Italy  10,916 37 76,046 55,443
Latvia 3467 55.7 285,595 60
Liechtenstein 8 50 40 0
Lithuania 2240 35.7 139,826 0
Luxembourg 88 34 3226 0
Montenegro 744 53.8 3844 18,867
Netherlands 365 10.8 9954 55
Norway 12,768 41.8 235,509 2749
Poland 9337 29.9 502,200 0
Portugal 3611 39.2 184,650 168,932
Romania 6733 29.3 167,966 740
Serbia and Kosovo* 8845 30.7 20,691 19,320
Slovakia 1933 39.4 84,257 0
Slovenia 1274 63.3 11,898 771
Spain  27,747 54.8 251,393 149,669
Sweden 31,247 76.1 1,825,371 1603
Switzerland 1311 32.8 17,682 74
United Kingdom 2901 11.9 116,747 976
Total  
*Source: Corine 2006
Table 3
Annual forest cover change values.
Year Forest cover change
(ha) (%)
2002 411,053 0.27
2003 259,002 0.17
2004 580,771 0.39
2005 655,826 0.44
2006 590,137 0.39
2007 800,919 0.53
2008 922,285 0.61
2009 770,334 0.51
2010 953,541 0.63
2011 758,432 0.5
2012 681,789 0.45
Table 4
Descriptive statistics of the forest cover changes aggregated per biogeographical
region (EEA, 2013).
Bio-geographical region  (ha) (%)
Alpine 422,709 6.9
Arctic 2.8 0.00
Black Sea 2190 0.04
Continental 1,246,850 20.4
Mediterranean 390,687 6.4
Pannonian 75,141 1.2
Steppic 2244 0.04
Atlantic 601,251 9.8
Boreal 3,379,661 55.27,022,423 574,886
3.2. Accuracy assessment
Both thematic and geometric accuracy assessments were per-
formed, comparing the forest cover change areas observed by the
Landsat imagery (Hansen et al., 2013) with the clear-cut areas
identiﬁed by means of an onscreen visual interpretation of aerial
orthophotos.
The thematic accuracy analysis shows that 81.4% (n 1873;
x¯ 3.2 ha;  6.8 ha) of the visually identiﬁed clear-cut areas were
also highlighted in Hansen et al.’s (2013) algorithm-derived for-
est cover change database. Two  hundred ﬁfty-three clear-cut areas
were only partially detected by Hansen’s research group (the for-
est cover change surface detected by Hansen et al. (2013) was less
than 30% of the one visually mapped). By contrast, 427 clear-cut
areas (x¯ 2.6 ha;  7.5 ha) detected by visual interpretation were
not detected at all by the algorithmic study.
The geometric accuracy was  carried out using a per-pixel anal-
ysis (confusion matrix, Aronoff, 1982) also considering the 2300
clear-cut areas that were detected via an onscreen visual inter-
pretation of aerial orthophotos. The producer accuracy of the
algorithm-derived forest cover change areas was 55.1%, with a
Kappa Index of Agreement (KIA) of 0.672. The overall classiﬁcation
accuracy totalled 94.3%.
3.3. Potential soil lossThe USLE application provides erosion rates on a 25 m cell
basis for the forested area of the 28 European countries (ca.
2.1 billion cells) (Fig. 3). The predicted annual gross soil loss
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verage 14.74 × 106 Mg  yr−1, with an average area-speciﬁc soil loss
f 0.11 Mg  ha−1 yr−1 ( 0.344 Mg  ha−1 yr−1).
The modelling results were divided into seven classes of
rosion (Class 1: very low erosion (0–1 Mg  ha−1 yr−1); Class
: low erosion (1–3 Mg  ha−1 yr−1); Class 3: moderate erosion
3–5 Mg  ha−1 yr−1); Class 4: high erosion (5–10 Mg  ha−1 yr−1);
lass 5: severe erosion (10–20 Mg  ha−1 yr−1); Class 6: very severe
rosion (20–40 Mg  ha−1 yr−1); Class 7: extreme severe erosion
>40 Mg  ha−1 yr−1). The majority of the forested area surface falls
nto the low soil erosion class. About 98.64% of the study area show
ery low soil erosion rates, whereas 1.13% of the area experience
ow degrees. Moderate erosion values were estimated for 0.15% of
he study area. High erosion rates occur only on a very limited area
0.07%). The remaining area (0.01%) exceeds the soil loss threshold
f 10 Mg  ha−1 yr−1 which was proposed by Morgan (2009).
The average annual soil loss in forests that remained undis-
urbed during the modelled period is equal to 0.086 Mg  ha−1 yr−1
 0.172 Mg  ha−1 yr−1). The areas of forest cover change mapped
y Hansen et al. (2013), here assumed to be due to tree harvest-
ng, accounts for 15.6% of the predicted soil loss (quantitatively
qual to 2.92 × 106 Mg  yr−1 and 0.45 Mg  ha−1 yr−1, with a  of
.05 Mg  ha−1 yr−1). The soil loss potential predicted for the forest
re areas mapped by the Joint Research Centre of the European
ommission (EFFIS, 2014) shows an average area-speciﬁc soil loss
f 2.06 Mg  ha−1 yr−1 (996,167.6 Mg  yr−1), with a standard deviation
f 2.2 Mg  ha−1 yr−1. Accordingly, about 73.4% of the total long-term
oil loss was predicted to occur in the undisturbed forest. Notably,
6.6% of the soil loss was predicted to occur in the disturbed for-
st areas although these areas covered only ca. 7.1% of the EU-28
orestland area.
The average soil loss for the ﬁrst 4 years after the vegeta-
ion disturbance shows rates of 2.94 Mg  ha−1 yr−1 for the clear-cut
reas and 13.43 Mg  ha−1 yr−1 for the areas disturbed by forestprocessed by the High-resolution Global Forest Change map  (Hansen et al., 2013).
14).
ﬁres. The soil loss in the disturbed forest accounts for the vast
majority of the soil mobilized during the ﬁrst four years after the
vegetation disturbance. It also forms a high share of the long-
term soil mobilization (ca. 20.1% of the total soil loss modelled
for a 30-year period). An additional run of the USLE model for
the disturbed forestlands under the assumption of the absence
of forest harvesting and ﬁres resulted in an average soil erosion
of 0.038 Mg  ha−1 yr−1 (246,511.6 Mg  ha−1 yr−1). Compared to the
forest-harvesting and forest ﬁre conditions, the non-disturbed-
forest scenario generated only one twelfth (less than 8.5%) of the
average erosion rate of the disturbed areas. In the comparison, the
average erosion rate was  77 times lower focussing on the ﬁrst four
years of erosion after the vegetation disturbance. In this simula-
tion, very severe erosion rates are only observable in some impluvi
with a slope gradient greater than 50%. In reality forestland soil
loss already starts to be severe at slope gradients around 15% in the
forest-harvested areas of the EU-28.
The soil of the broad-leaved forests turns out to be
the most eroded type (0.15 Mg  ha−1 yr−1, 42.1% of the
total soil loss) (6.19 × 106 Mg  yr−1) followed by mixed
forests (0.108 Mg  ha−1 yr−1, 21%) and coniferous forests
(0.09 Mg  ha−1 yr−1, 37%).
The results of a cross-country comparison of the annual average
soil loss values are reported in Table 5. Considering the predicted
gross erosion values in undisturbed forests, the annual rates are
driven by the density of the canopy cover, the rainfall erosivity,
the soil erodibility and the topography. The forestlands that are
naturally more exposed to the soil erosion processes are located
in Slovenia, Italy and to a lesser extent also in the high mountain
areas of Switzerland, Austria, Cyprus and Spain. Accelerated soil
erosion rates caused by forest disturbance occur in Slovenia, Italy
and Austria with values that are about three times above the Euro-
pean average (0.96 Mg  ha−1 yr−1). The average soil erosion rates in
1214 P. Borrelli et al. / Ecological Indicators 60 (2016) 1208–1220
ropea
a
t
A
e
t
b
s
a
w
e
r
a
p
4
f
3
n
d
t
2Fig. 3. Soil loss potential modelled for the Eu
 48 months period following the wood harvesting event in these
hree countries were 26.1, 19.7 and 18.8 Mg  ha−1 yr−1, respectively.
t NUTS-2 level, 10 of the 20 administrative regions with the high-
st soil loss were found in Italy. This is because a great share of
he country’s area is located in mountainous areas characterized
y heavy bursts of intensive and erosive rainfalls that hit the steep
lopes and these locations are subject to extensive wood extraction
ctivities (Borrelli et al., 2014; Panagos et al., 2014, 2015).
With regard to forest ﬁres, the highest average soil erosion rates
ere found in Italy, Slovenia, Croatia and France and to a lesser
xtent also in Spain, Greece and Romania. Portugal which expe-
ienced about 40% of the total ﬁre events in Europe, shows an
verage soil erosion rate of 1.37 Mg  ha−1 yr−1 (lower that the Euro-
ean average – 1.45 Mg  ha−1 yr−1). The soil erosion rates for the ﬁrst
8 months after the ﬁres were 27.5, 23.9, 18.8 and 17.2 Mg  ha−1 yr−1
or Italy, Slovenia, Croatia and France, respectively.
.4. Forest disturbance and soil loss potential in the Natura 2000
etworkNotably, this study also detected forest cover changes in areas
eclared as Sites of Community Importance (SCI) and Special Pro-
ection Areas (SPAs) in the Natura 2000 network by the EU (Bastian,
013). At a European-scale, about 931,880.7 ha of wooded areasn forestland. Spatial resolution 25 m × 25 m.
suffered from some form of forest cover change (equal to 2.5% of the
forested Natura 2000 area) while 209,172.6 ha were affected by for-
est ﬁres (equal to 0.56% of the forested Natura 2000 area) (Table 6).
In across-country comparison among the EU-27 countries, Ireland
(8.1%), Denmark (7.4%), Portugal (6.8) and Lithuania (6.1%) had the
highest forest change rates (European average of 2.4%). With regard
to ﬁres, about 209,172.6 ha of the wooded areas suffered from for-
est ﬁres (equal to 0.56% of the protected forest area of the EU-27)
(Table 6). The countries with the highest forest change rates were
Spain (51.3%) and to a lesser extent also Portugal (26.3%) and Italy
(12.3%).
The annual average gross soil loss predicted in the Natura 2000
areas was  4.15 × 106 Mg  yr−1 (0.15 Mg  ha−1 yr−1). This corresponds
to an accelerated soil erosion rate in the 3.1% disturbed forest of
21% soil loss per year. The countries with the highest increase were
Portugal (+244%) and Ireland (+116%).
4. Discussions
The European forests must satisfy a wide array of human
demands (Nabuurs et al., 2007) which are projected to increase
in the near future (UN-ECE, 2005) driven by market forces and
supported by the targets of national and European energy policies
(EEA, 2007). Changes in the European forest cover related to logging
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Table  5
Descriptive statistics of soil loss (related to type of forest and time) and USLE input values for European county.
Soil loss USLE input
Country Business
as usual
Undisturbed
Forest
Harvested
forest
long-term
Burned
forest
long-term
Harvested
forest ﬁrst
48 months
Burned
forest ﬁrst
48 months
R-factor K-Factor C-Factor LS-Factor
Mg  ha−1 yr−1 MJ  mm h−1 ha−1 yr−1 Mg h MJ−1 mm−1 Dimensionless
Austria 0.361 0.243 2.889 – 18.750 – 1159.9 0.028 0.0012 6.4
Belgium 0.072 0.037 0.570 0.289 3.698 1.887 684.7 0.036 0.0011 1.4
Bulgaria 0.126 0.114 0.794 0.686 5.152 4.476 698.4 0.027 0.0016 4.3
Cyprus 0.249 0.229 1.575 1.551 10.184 10.113 679.9 0.035 0.0019 5.2
Croatia 0.185 0.157 1.146 2.886 7.420 18.821 1388.4 0.031 0.0011 2.9
Czech Rep. 0.083 0.056 0.567 – 3.680 – 553.1 0.035 0.0014 2.2
Denmark 0.012 0.006 0.073 – 0.475 – 430.7 0.022 0.0012 0.6
Estonia 0.009 0.004 0.071 – 0.459 – 444.4 0.024 0.0009 0.4
Finland 0.007 0.003 0.050 – 0.327 – 274.6 0.027 0.0009 0.5
France 0.118 0.101 0.433 2.644 2.808 17.245 842.8 0.030 0.0012 2.9
Germany 0.063 0.044 0.562 – 3.649 – 545.7 0.032 0.0012 1.9
Greece 0.248 0.184 1.637 2.084 10.495 13.592 843.6 0.026 0.0014 5.9
Hungary 0.070 0.057 0.371 0.074 2.406 0.483 686.8 0.033 0.0017 1.5
Ireland 0.085 0.035 0.590 0.125 3.826 0.817 870.7 0.021 0.0010 1.7
Italy  0.426 0.373 3.040 4.210 19.704 27.452 1760.1 0.027 0.0013 6.5
Latvia 0.015 0.006 0.092 0.040 0.600 0.261 481.1 0.026 0.0010 0.5
Lithuania 0.013 0.007 0.091 – 0.591 – 483.3 0.028 0.0011 0.5
Luxembourg 0.106 0.075 0.968 – 6.283 – 682.6 0.039 0.0011 2.5
Netherlands 0.006 0.005 0.049 0.035 0.318 0.226 472.4 0.020 0.0013 0.4
Poland 0.022 0.015 0.131 – 0.849 – 534.4 0.024 0.0012 0.8
Portugal 0.244 0.079 0.875 1.366 5.650 8.910 765.5 0.031 0.0015 2.0
Romania 0.164 0.130 1.541 2.033 9.999 13.259 837.8 0.031 0.0013 4.3
Slovakia 0.148 0.105 1.114 – 7.227 – 608.6 0.033 0.0013 4.3
Slovenia 0.496 0.456 4.029 3.665 26.129 23.900 2492.1 0.030 0.0013 4.8
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T
DSpain 0.272 0.203 1.742 2.089 11.266
Sweden 0.021 0.010 0.155 0.214 1.007 
U.K.  0.100 0.054 0.844 0.699 5.478
ctivities, ﬁres and windthrow affect the delivery of vital ecosys-
em services such as water supplies (Ojea et al., 2012), soil-related
unctions (Wall et al., 2013), carbon storage (Van Oost et al., 2005),
egulating ﬂoods (Robinson et al., 2003) and biodiversity richness
Gamfeldt et al., 2013). Governments and European institutions
ave been working on the development of reliable and current
able 6
escriptive statistics of soil loss (related to type of forest and time) in NATURA 2000 area
Country Business as
usual
Undisturbed
forest
Harvested forest
long-term
Austria 0.250 0.180 2.160 
Belgium 0.060 0.040 0.510 
Bulgaria 0.130 0.120 0.830 
Cyprus 0.260 0.250 1.700 
Croatia – – – 
Czech Rep. 0.100 0.070 0.690 
Denmark 0.010 0.010 0.080 
Estonia 0.004 0.004 0.070 
Finland 0.010 0.005 0.060 
France 0.150 0.130 0.640 
Germany 0.060 0.050 0.590 
Greece 0.110 0.050 0.790 
Hungary 0.090 0.070 0.470 
Ireland 0.080 0.040 0.490 
Italy  0.420 0.360 3.180 
Latvia  0.010 0.010 0.110 
Lithuania 0.010 0.010 0.080 
Luxembourg 0.110 0.080 1.000 
Netherlands 0.010 0.010 0.050 
Poland 0.030 0.020 0.180 
Portugal 0.350 0.100 1.060 
Romania 0.170 0.140 1.550 
Slovakia 0.020 0.010 0.160 
Slovenia 0.510 0.460 4.440 
Spain  0.290 0.250 1.850 
Sweden 0.170 0.120 1.250 
U.K.  0.060 0.040 0.450 13.622 1035.9 0.034 0.0015 4.0
1.395 384.8 0.028 0.0009 1.0
4.560 937.1 0.024 0.0011 2.1
information to develop future forest management plans, policies
and strategies (UN-ECE, 2005). Eurostat provides valuable statistics
about the primary and secondary wood products in the European
area. However, harmonised information, spatially and temporarily
explicit, on the forest cover changes in the European forests are not
available. Today, a need for reliable data to improve the knowledge
s for European countries.
Forest ﬁres
long-term
Harvested forest
ﬁrst 48 months
Burned forest
ﬁrst 48 months
[Mg ha−1 yr−1]
– 13.990 –
0.270 3.330 1.770
0.690 5.400 4.470
1.780 11.020 11.640
– – –
– 4.450 –
– 0.530 –
– 0.420 –
– 0.390 –
2.030 4.150 13.260
– 3.810 –
1.910 5.100 12.460
0.060 3.060 0.360
1.400 3.170 9.140
4.290 20.620 28.010
– 0.740 –
– 0.540 –
– 6.510 –
0.030 0.310 0.220
– 1.180 –
1.540 6.850 10.070
2.810 10.070 18.330
0.260 1.040 1.680
3.640 28.790 23.710
2.320 11.910 15.150
– 8.100 –
0.860 2.920 5.630
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st cover change hotspots in the forests of 36 European countries.
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) correlaon = 0.53p-value =  0.01Fig. 4. Kernel density (Silverman, 1986) maps showing fore
bout the conditions of European areas that are involved in wood
upply is greater than ever especially considering an annual round-
ood production that hit the 435.0 million m3 yr−1 threshold in
013 (EU-28) (Eurostat, 2014a,b). Given these developments, the
esulting environmental threats and their external costs (Pimentel
t al., 1995; Chiabai et al., 2011) must be assessed and effective
anagement strategies must be designed (Lynch et al., 1985) in
rder to control the land degradation processes (Cerdà et al., 2010).
The present study describes the methodology employed to
eprocess the Global Forest Change map  (Hansen et al., 2013) to
erived harmonised data about the forest cover change in Europe.
he analysis provides a detailed picture of the temporal and spa-
ial patterns of the forest cover changes in Europe. It (i) provides
 spatially explicit map  of forest cover changes, (ii) highlights the
orest sectors with a high probability to be involved in the wood
upply activities in Europe (Fig. 4) and (iii) develops the ﬁrst com-
rehensive and dynamic assessment of the soil loss potential for
he European forests.
The annual forest cover changes in 36 European countries for
he period from 2002 to 2012 were analyzed and subject to a vali-
ation procedure. A total of 7.022 million ha of disturbed forest
ere mapped for the study period. An increase in the annual forest
over loss was observed in Europe (Fig. 5). This is in accordance with
he statistics reported by Eurostat (2014a,b) about the roundwood
roduction in Europe.Fig. 5. Annual forest cover change and trend line for 36 European countries from
2002 to 2012.
The accuracy assessment performed on Hansen et al.’s data
(2013) shows satisfactory results. With a producer accuracy of
55.1% (KIA 0.672) (81.4% thematic accuracy), the validation pro-
cedures indicate that more than half of the European forest surface
which underwent forest loss between 2002 and 2012 were also
reported in the Global Forest Change map. These outcomes are in
line with the ﬁndings commonly reported in literature at a regional-
and national-scale (e.g., Wilson and Sader, 2002, among others).
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windthrow, such information have little explanatory power and
F
eP. Borrelli et al. / Ecological
oreover, these ﬁndings emphasize the consistency of the Hansen
t al. (2013) outcomes, which shows a great local relevance and a
igh utility. The omission error of 44.9% can be partially attributed
o the thorough validation procedure applied. It represented a sort
f ‘stress test’ that was performed including among the data of the
reference dataset’ clear-cut areas that due to their small size are
ifﬁcult to accurately detect clear-cut areas using Landsat images
Borrelli et al., 2013b). In fact, the accuracy assessment of for-
st loss between 2000 and 2012 carried out at global scale by
ansen et al. (2013) shows better results (n = 1500; producer accu-
acy = 87.8%; overall accuracy = 99.6%). While the inclusion of the
mall size clear-cut areas into the reference dataset considerably
owered the performance of the accuracy tests, it also ensured a
ore realistic and representative picture of the capability of the
lobal Forest Change map  to represent the disturbances occurring
n the European forestlands.
The statistical signiﬁcance of the detected forest cover changes
re also conﬁrmed by the regression results comparing the
002–2012 forest cover change values to the 2002–2012 round-
ood production reported by Eurostat (2014a,b) (r2 = 0.87,  ˛ < 0.01)
Fig. 6).
The goal of large-area land cover change mapping is to iden-
ify characteristics and factors that have a causal relationship to
orestland changes on a local scale and bundle and generalize these
nformation in order to derive reliable and relevant information
cross scales. According to Hansen et al. (2013), the Global Forest
hange map  meets these requirements at least at a national scale.
he present study broadened the scale and provides evidence for
he applicability of this technique on a European scale (Fig. 7).
Although Borrelli et al. (2014) recent study shows that bet-
er results can be detected for forest cover change at a national
cale using Landsat imagery, Hansen et al.’s Global Forest Change
ap  (2013) is a free and ready-to-use product that represents a
ig. 7. Forest cover change in the Sˇumava Mountain, which over the last 20 years a bark be
t  al., 2009). The white lines mark the Germany–Czech Republic border and the BavarianFig. 6. Forest cover changes values versus roundwood production reported by Euro-
stat  in 33 European countries (period 2002–2012).
powerful tool for forest management. To ensure sustainable for-
est management practices has been a central topic of the forest
management in Europe (MCPFE, 1993, 2007, 2011). Based on this
common policy framework, national and international forest man-
agement decision-makers have been working for more than 20
years to promote, improve and implement sustainable a forest
management in Europe. At a pan-European scale, however, the
impacts of forestry activities have so far been studied mainly based
on statistical information provided to Eurostat by the member
states. In the absence of spatially and temporarily explicit indi-
cations about the forest sectors that undergo logging, ﬁres andthe environmental impacts behind these phenomena remain in
the dark. For instance, 1000 m3 of roundwood collected through
short rotation forestry activities in a ﬂat Scandinavian area could
etle outbreak caused extensive spruce forest decay and tree logging in the area (Hais
 Forest National Park (Germany) and the Sˇumava National Park (Czech Republic).
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rigger completely different qualitative and quantitative effects on
he soil-related forest ecosystems, compared to the extraction of
he same amount of roundwood in semi-natural mountain forests
f the Italian Apennine region (Sorriso-Valvo et al., 1995; Borrelli
nd Schütt, 2014; Porto et al., 2014). This because Italy is repeat-
dly subject to heavy bursts of intensive and erosive rainfalls (ﬁve
imes stronger than in Scandinavia) falling on steep slopes (USLE
opographic factor: Italy (3.6), Scandinavia (0.7)). The same would
e true for a roundwood extraction within the same country but
n two very dissimilar locations that differ in their rainfall aggres-
iveness, topographic conditions, susceptibility of soil to erosion,
echniques of wood collection and application of soil conservation
ractices (Hood et al., 2002; Dissmeyer and Foster, 1984). The guid-
ng principle of the EU is ‘to use the forests and forest lands in a way,
nd at a rate, that maintains their biodiversity, productivity, regen-
ration capacity, vitality and their potential to fulﬁl, now and in the
uture, relevant ecological, economic and social functions, at local,
ational, and global levels, and that does not cause damage to other
cosystems’ (Helsinki, 1993). To comply with this guideline, more
ffort must be put on the monitoring and assessment of the impacts
f forest disturbances in Europe. This study indicates that about
31,880.7 ha and 209,172.6 ha of the wooded areas of the Natura
000 network underwent signiﬁcant rates of forest cover changes
most likely due to management/harvesting practices) and forest
res, respectively. Several areas declared as Sites of Community
mportance (SCI) and Special Protection Areas (SPAs) in the Natura
000 network suffered from the effects of forest disturbances. The
ross-country comparison of the EU-28 provided in this study high-
ights the countries most exposed to this phenomenon. The study
lso shows that a disturbed forest area equal to 3.1% of the total pro-
ected forest could experience a nonlinear increase of the total soil
rosion up to 21%. This is an expressive example of what experts
egularly call severely accelerated soil erosion rates. This non-linear
elation between the disturbed forested area and the acceleration
f the soil erosion provides further evidence for the importance of
he forest site characteristics in the soil erosion process.
To move a further step towards the assessment of the impacts
f forest cover changes on the soil-related forest ecosystems, this
tudy spatially deﬁnes the forest disturbances within the 36 Euro-
ean countries. It also provides the ﬁrst dynamic modelling of the
oil loss potential in the EU-28 forestlands. Previous studies of van
er Knijff et al. (2000), Grimm et al. (2003), Kirkby et al. (2003)
nd Cerdan et al. (2010) conducted modelling exercises to assess
he spatial distribution of water erosion in Europe, also includ-
ng forestland. Still, these pioneering studies did not take care of
he importance the forests changes across time and space. This
tudy obtains spatially distributed information about the changes
n the forest canopy density for the period from 2002 to 2012 by
eans of a GIS-based application of the USLE model. Variations
f the forestland canopy cover were reconsidered annually across
he study period while the climate, soil characteristics, topographic
nd management practices were assumed to remain constant. The
rocessed forest cover data of Hansen et al. (2013) were consid-
red as logging activities since (i) wood harvesting is the primary
ause of forest cover change in Europe (Eurostat, 2014a,b), (ii) the
nnual ﬁres reported in the European Fire Database of the Joint
esearch Centre of the European Commission (EFFIS, 2014) were
emoved by the Global Forest Change map  and (iii) windthrow
vents that are spatially limited. With an annual mean of soil
oss of 0.11 Mg  ha−1 yr−1, the modelling results closely conform to
he average value measured through plot experiments in Europe
0.14 Mg  ha−1 yr−1 measured in 612 plot-months; Cerdan et al.,
010). The close conformity with the measured data highlights
he quality of the proposed modelling exercise which effectively
epresented the heterogeneous environmental characteristics of
uropean forestlands by means of implementing high spatialtors 60 (2016) 1208–1220
resolution input data. In addition, the modelling results shed new
light on the impacts of forest disturbances on the soil erosion
processes at a pan-European level. A recorded forest disturbance
involving about 7.1% of the EU-28 forestland area shows a total
predicted soil loss of 26.6%. These numbers reﬂect the acceleration
of the erosion rates due to forest disturbance reported in litera-
ture (Lowrance et al., 1988; Cerdà and Lasanta, 2005). According to
Borrelli et al. (2013a) these accelerated erosion rates become even
more severe when net erosion rates are modelled. The forest areas
that exceed the annual acceptable average soil loss threshold of
10 Mg  ha−1 yr−1 proposed by Morgan (2009) are spatially limited
(0.01%). Solely considering the average gross erosion values pre-
dicted for the ﬁrst four years after the disturbance, the areas with
soil loss rates above the threshold increase up to 0.56% (equal to
10.5% of the total disturbed forest). Soil loss was found to be higher
in the forests affected by ﬁres. This is because forest ﬁres predomi-
nantly occur in the Mediterranean region that is particularly prone
to erosion as it is subject to long dry periods, followed by heavy
bursts of erosive rain, falling on fragile soils on steep slopes (van der
Knijff et al., 2000). About three quarters of the forest cover change
occur in the North and Middle European Plains where the soil ero-
sion rates remain lower due to the more smooth topography and
the less erosive precipitations (Panagos et al., 2015). The presence
of a south-to-north gradient of soil loss was conﬁrmed observing
both, the values in the disturbed and undisturbed forests.
An additional analysis of the inﬂuences of the different factors
triggering soil loss, which are the age of the cut, rainfall, slope
gradient, soils, allowed a more detailed assessment of each fac-
tor’s contribution to the overall sediment mobilization. In this
speciﬁc case, the age of the cut was obviously the primary fac-
tor inﬂuencing the predicted soil erosion values. Soil erosion
rates in the forestland remain at a low level due to the dense
tree cover (0.086 Mg  ha−1 yr−1) but rise to a mean value of 5.4
and 27.3 Mg  ha−1 yr−1 during the ﬁrst twelve months after log-
ging or ﬁres, respectively. With regard to rainfall, the annual
average erosivity factor computed for the EU-28 totals about
697.6 MJ  mm ha−1 h−1 yr−1. The spatial distribution of the annual
average rainfall erosivity varies highly within the observed area
(between 51.4 and 6228.7 MJ  mm ha−1 h−1 yr−1). Besides the veg-
etation cover and rainfall, the slope gradient is a very important
triggering factor for the erosive processes. In areas without for-
est harvesting critical values of soil erosion are absent or remain
below 3 Mg  ha−1 yr−1 corresponding to the class of low erosion
(In the disturbed forest areas, on the other hand, the soil loss sig-
niﬁcantly increases (>5 Mg  ha−1 yr−1) at slope gradients between
15 and 25%, becoming even severe on slopes steeper than 35%.
This is because such topography encourages both inter-rill and
rill denudational processes which tend to increase as the slope
gradient increases (Bradford and Foster, 1996). The USLE soil erodi-
bility factor (K) of the European forest reveals an average value of
0.029 Mg  h−1 MJ−1 mm−1 and by this is 9.4% lower than the general
European condition reported by Panagos et al. (2014). A gradient of
the soil erodibility factor cannot be observed across Europe forests.
5. Conclusions
The results of this study show that the Global Forest Change
map  is a valid database that can be used to observe forest dynam-
ics in Europe. Observations made during the accuracy assessment
procedure and comparisons with the work of Borrelli et al. (2014)
indicate that better results can be achieved on a national- and
European-scale. Still, the Global Forest Change map provides valu-
able and accessible information about the European forest sectors
involved in the European wood supply. These data were employed
to describe the forest cover change in 36 European countries and
to estimate the soil erosion potential in the forestland of the EU-28
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egion. New insights into the distribution of the forest disturb-
nce in Europe and the resulting soil loss potential were obtained.
he presented maps provide spatially explicit indicators to assess
he human-induced impacts of land cover changes and soil losses
n the European soil-related forest ecosystems. These insights are
elevant (i) to support policy making and land management deci-
ions to ensure a sustainable forest management strategy and (ii)
o provide a solid basis for further spatiotemporal investigations of
he forestry practices’ impacts on the European forest ecosystems.
The application of soil erosion models such as USLE shows that
t is a suitable tool to assess accelerated soil erosion in forest envi-
onments. Moreover, this model can also be applied using scenarios
hat integrate pre-forest-harvesting and post-forest-harvesting soil
onservation techniques. Consequently, future research should (i)
ocus on improving the spatiotemporal information about the
orest cover change in Europe and (ii) work on the comparison
etween harvested forest areas where clear-cut activities take into
ccount soil conservation practices and areas where these con-
ervation techniques are neglected. Once the impacts of forest
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. Data availability
The European map  of soil loss potential, as all the maps pre-
ented in this study, is available on the European Soil Data Centre
ESDAC) web platform (http://esdac.jrc.ec.europa.eu/).
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